Mutations in the KRAS proto-oncogene are present in 50% of all colorectal cancers and are increasingly associated with chemotherapeutic resistance to frontline biologic drugs. Accumulating evidence indicates key roles for overactive KRAS mutations in the metabolic reprogramming from oxidative phosphorylation to aerobic glycolysis in cancer cells. Here, we sought to exploit the more negative membrane potential of cancer cell mitochondria as an untapped avenue for interfering with energy metabolism in KRAS variant-containing and KRAS WT colorectal cancer cells. Mitochondrial function, intracellular ATP levels, cellular uptake, energy sensor signaling, and functional effects on cancer cell proliferation were assayed. B1 (RPS6KB1 or p70S6K) . Moreover, Mito-CP and Mito-Metformin released Unc-51-like autophagy-activating kinase 1 (ULK1) from mTOR-mediated inhibition, affected mitochondrial morphology, and decreased mitochondrial membrane potential, all indicators of mitophagy. Pharmacological inhibition of the AMPK signaling cascade mitigated the anti-proliferative effects of Mito-CP and Mito-Metformin. This is the first demonstration that drugs selectively targeting mitochondria induce mitophagy in cancer cells. Targeting bioenergetic metabolism with mitochondria-targeted drugs to stimulate mitophagy provides an attractive approach for therapeutic intervention in KRAS WT and overactive mutant-expressing colon cancer.
olism is a key player in cancer development, progression, and metastasis, it is rational to exploit this observation and explore mitochondria-targeted compounds as novel, untapped therapeutics. Indeed, we have shown that compounds targeted to the mitochondria induce anti-proliferative and cytotoxic effects in tumor cells without a significant impact on the surrounding normal cells (6 -9) . These novel mitochondria-targeted agents have been generated by chemically tethering an alkyl triphenylphosphonium cation (TPP ϩ ) moiety via an aliphatic linker chain to bioactive molecules (7, 8, 10 -12) . The lipophilic TPP ϩ cation facilitates the crossing of mitochondrial membrane, and the delocalized positively charged TPP ϩ moiety accumulates in the largely electronegative transmembrane potential of the mitochondria (13) (14) (15) (16) . Thus, the enhanced uptake and retention of TPP ϩ -containing bioavailable compounds in tumor cell mitochondria has been posited to be the mechanism behind their selective proliferative inhibition (17) (18) (19) (20) (21) (22) . A number of these mitochondria-targeted molecules demonstrate considerable anti-tumor activity (8, 17, 18) , however, the precise molecular mechanism(s) by which these drugs exert their anti-proliferative, anti-migratory, and anti-invasive effects remains poorly understood. Thus, we sought to determine the biomolecular pathways triggered by model mitochondria-targeted agents.
Mito-CP, a superoxide dismutase mimetic (3-carboxyl proxyl (CP) nitroxide ), conjugated to TPP ϩ , has demonstrated directed anti-proliferative and cytotoxic effects in regard to both pancreatic and breast cancer cells, without markedly affecting nontransformed cells (7, 8) . Mito-CP, a potent disrupter of mitochondrial metabolism, in combination with 2-deoxyglucose (2-DG), an inhibitor of glycolysis, synergized to deplete intracellular ATP, reduce cell proliferation, and induce apoptosis of pancreatic tumor cells in vitro (7) . Co-administration of Mito-CP and 2-DG led to significant tumor regression in a murine model of breast cancer (8) . Anti-cancer effects of Mito-CP have also been shown in medullary thyroid cancer (23) and malignant mesothelioma (24) . However, the mechanistic basis of these findings are not known. In addition to Mito-CP, we discovered that a TPP ϩ -conjugated derivative of the FDAapproved type 2 diabetes drug Metformin, which we termed Mito-Met 10 , was 1000-fold more potent in inhibiting pancreatic cancer cell proliferation by impeding cell cycle progression, relative to the parental Metformin compound (6) . Patients taking Metformin have a correlative lower risk of colorectal cancer (25, 26) . Metformin is posited to inhibit the mitochondrial electron transport complex I and indirectly activates the AMP-activated protein kinase (AMPK) signaling cascade, leading to suppressed colon carcinoma proliferation and reduced polyp formation (27, 28) . These results encouraged us to determine whether Metformin conjugated to TPP ϩ (Mito-Met 10 ) might impact colon cancer cell dynamics. Here, the efficacy and biochemical mechanisms of Mito-CP and Mito-Met 10 on colon cancer proliferation and bioenergetic metabolism were investigated. Both of these different agents restricted the ability of the tumor cells to cope with energetic stress. Examining a panel of both cell types, we found that KRAS WT colon cancer cells, as well as colon cancer cells with constitutively active KRAS, were exquisitely sensitive to both molecules as assessed by their impact upon cell proliferation. Mito-CP-and Mito-Met 10induced changes in mitochondrial bioenergetics activated AMPK signaling, concomitantly blocking mTOR-mediated proliferation and inducing mitophagy-like markers such as decreased mitochondrial membrane potential and disruption of cellular architecture. This study is the first to demonstrate the molecular mechanisms by which compounds engineered to localize within the mitochondria limit colon cancer proliferation and progression.
Results

Mito-CP and Mito-Met 10 effectively inhibit colon cancer cell proliferation
Oncogenic KRAS drives metabolic reprogramming from mitochondrial (catabolic) to glycolytic (aerobic) energy production (the Warburg effect) (29) . Indeed, Weinberg et al. have demonstrated that HCT116 cells shift their mitochondrial metabolism pathway to facilitate anaerobic glycolytic KRAS-induced anchorage-independent proliferation (5) . The therapeutic potential of two potent mitochondria-targeted TPP ϩ biomolecules, Mito-Met 10 and Mito-CP, was assessed using reductionist colon cancer models. Initially, HCT116 (KRAS G13D ) and HT-29 (WT KRAS) cells were seeded onto a 96-well plate and treated with increasing concentrations of Mito-CP (0 -10 M) or Mito-Met 10 (0 -100 M). Cells were placed into an IncuCyte S3 and image acquisition started immediately to establish background proliferation. At day 1, cells were treated with titrated doses of Mito-CP or Mito-Met 10 and images of each well were automatically acquired every 2 h for 5 days to allow us to assess cell confluence kinetics. The changes in percent confluency (% confluency), as a readout for proliferation, were monitored in real time. Both cell lines demonstrated a dose-dependent diminution in cell proliferation when treated with increasing concentrations of Mito-CP ( Fig. 1, A and B) or Mito-Met 10 (Fig. 1 , C and D). Both cell lines exhibited an exquisite sensitivity to Mito-CP compared with Mito-Met 10 , with nearly 50-fold less Mito-CP required for a similar reduction in proliferation. HT-29 cells expressing WT KRAS were sensitive to low micromolar to nanomolar doses of both Mito-CP and Mito-Met 10 . HCT116 cells expressing constitutively active KRAS were somewhat more resistant to mitochondria-targeted drug (MTD) treatment with proliferation decreasing by 80% with 1 M Mito-CP or 50 M Mito-Met 10 (Fig. 1 , A and C). Additional oncogenic (SW480 and T84) (supporting Fig. S1 , A-D) and WT (Caco2 BBE and HK 2-8) (supporting Fig. S1 , E-H) KRAS-expressing cell lines were tested and validated the results that the MTDs exert their anti-proliferative effects independent of the KRAS allele (supporting Fig.  S1 ). Furthermore, HCT116 (supporting Fig. S2, A and B) and HT-29 (supporting Fig. S2C ) cells were treated with increasing doses of the parental compounds (carboxyl proxyl (CP) and Metformin) with 100-to 1000-fold more drug required to impart the anti-proliferative effects noted with the TPP ϩ conjugated moieties. Lastly, the TPP ϩ moiety alone had no effect on cell proliferation as HCT116 cells proliferate normally and reach confluency within 5 days after treatment with TPP ϩ (supporting Fig. S2D ). Taken together, these data demonstrate that
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tethering known anti-oxidants or anti-diabetic molecules to a cationic moiety reduces colon cancer proliferation, independent of the KRAS protein.
Mito-CP and Mito-Met 10 impact on mitochondria
To evaluate whether MTDs disrupted mitochondrial respiration, we first addressed the cellular uptake of the two drugs. A surrogate "normal" cell line (IEC6; nontransformed rat small intestine epithelia), along with the two colon cancer cell lines (HCT116 and HT-29) were treated with 0.5 M Mito-CP or 25 M Mito-Met 10 for 24 h, and the cells processed for LC-MS/MS analysis. The colon cancer cells had a demonstrative increase in the uptake of both drugs when compared with the nontransformed cells (Fig. 2, A and B) . To address the targeting of the MTDs to the mitochondria, HCT116 cells were treated 24 h and permeabilized to probe for complex I activity, which was significantly inhibited (Fig. 2C ). Analysis of oxygen consumption over a 4-log range of drug concentrations revealed an IC 50 ϭ 0.5 Ϯ 7.4 M and 23 Ϯ 8.7 M for Mito-CP and Mito-Met 10 , respectively ( Fig. 2C ). This 46-fold difference in complex I activity correlates well with the anti-proliferative effects observed in Fig. 1 . The diminished mitochondrial function was also reflected in the reduced levels of total ATP accumulated in Mito-CP-and Mito-Met 10 -treated cells (Fig. 2D ). This dosedependent decrease in ATP levels is consistent with Mito-CP and Mito-Met 10 inhibition of complex I. Correlative with its weaker impact on complex I, Mito-Met 10 had little overall effect on ATP levels in treated cells, suggesting its anti-proliferative effects reflect distinct signaling pathways relative to Mito-CP.
To gain a better understanding of MTD-mediated mitochondrial dysfunction, the oxygen consumption rate (OCR), as a readout of OXPHOS, and the extracellular acidification rate, as a surrogate marker for glycolysis, were measured in a Seahorse Bioscience extracellular flux analyzer. HCT116 cells were treated with increasing concentrations of drugs and a mitochondrial stress test was undertaken. In agreement with their ability to inhibit complex I, both compounds abrogated OCR in a dose-dependent manner, with Mito-CP ( Fig. 2E ) more potent than Mito-Met 10 (Fig. 2F ). Further, neither had an effect on extracellular acidification rate (data not shown), consistent with their ability to inhibit complex I. The mitochondrial respiration profile can be divided into five functional classes: basal respiration, ATP production, proton leak, maximal respiration, and spare capacity. These two compounds inhibit mitochondrial energy pathways through discrete mechanisms. All five aspects of mitochondrial function negatively impacted upon incubation with the two highest concentrations (1 and 10 M) of Mito-CP, suggesting that Mito-CP treatment reduced the number of live cells and/or the number of mitochondria, rendering the cells unable to meet metabolic challenges (supporting Fig. S3 , striped bars). For Mito-Met 10 , dysregulation of mitochondrial fitness was only noted at the highest concentration (100 M) presenting with a significant decrease in maximum respiration and the reserve respiratory capacity (supporting Fig. S3 , filled bars). This decrease in mitochondrial fitness and negative impact on bioenergetics is likely because of the directed targeting of the compounds to the mitochondria. Taken together our data show 
Mitochondria-targeted drugs impede colon cancer proliferation
that MTDs influence cellular bioenergetic metabolism and proliferation.
AMPK signaling pathway is activated in MTD-treated colon cancer cells
To evaluate the molecular mechanism(s) regulating the Mito-CP and Mito-Met 10 impact on colon cancer metabolism, we focused our attention on AMPK, a master energy sensor within the cell. AMPK, a strongly conserved eukaryotic Ser/Thr kinase, is rapidly activated when the intracellular ratio of AMP to ATP is elevated. The consequence of AMPK activation is to up-regulate ATP generating pathways while inhibiting ATP consuming functions of the cell (30) . The heterotrimeric AMPK complex is composed of the AMPK␣, AMPK␤, and AMPK␥ subunits, and upon sensing increasing levels of intracellular AMP, the ␣ subunit within the complex undergoes an allosteric change resulting in its activation via phosphorylation of the catalytic ␥ subunit at residue Thr-172 (31). Consistent with decreasing ATP levels, MTD treatment stimulated AMPK Thr-172 phosphorylation in a dose-dependent manner (Fig.  3A ). As expected, Mito-CP and Mito-Met 10 treatment activated AMPK at the same doses shown to inhibit proliferation and ATP levels.
mTORC1 and downstream targets are dysregulated
We next sought to determine whether AMPK up-regulation impacted the mTOR complex 1 (mTORC1), an essential intracellular master regulator of cell proliferation, that employs a network of molecular connections to regulate protein synthesis, cell proliferation, and autophagy (32) . Additional molecular activators that sense survival cues and growth factor levels include the mTOR complex 2 (mTORC2) and the Ser/Thr protein kinase AKT. To assess if mTORC2/AKT had any role in the observed effects, HCT116 cell lysates were probed with an anti-AKT antibody. The levels of phospho-AKT (Ser-473), a modification that stimulates full AKT activity (33), were unchanged The mitochondrial complex I oxygen consumption (last oxygen consumption rate reading before succinate injection) is plotted against the drug concentrations. D, total cellular ATP levels were analyzed using a luciferase-based assay on HCT116 cells treated with increasing concentrations of the drugs (Mito-Met 10 (filled oval) or Mito-CP (empty rectangle)) for 24 h. E and F, HCT116 mitochondrial respiration impairment after 24 h of treatment (Mito-CP (E) or Mito-Met 10 (F)) was measured using the Seahorse XF analyzer. The OCR (pmol/min) was used as a marker for mitochondrial stress. Panels on the right are enlargements of the time course post-stress test drug additions (dashed boxes in E and F) and demarcate the sequential injections of oligomycin (Oligo) to measure ATP-linked OCR, FCCP to measure maximal OCR, and rotenone/antimycin A (Rot/AA) to measure nonmitochondrial respiration. * denotes p Յ 0.05, ** denotes p Յ 0.01, *** denotes p Յ 0.001, **** denotes p Յ 0.0001. n.s., not significant. Values are mean Ϯ S.E. n ϭ 4.
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upon incubation with Mito-Met 10 or Mito-CP (supporting Fig.  S4 ), suggesting minimal to no involvement of AKT. mTORC1 is a five-protein complex that can be distinguished from mTORC2 by the inclusion of Raptor, the regulatory-associated protein of mTOR. Raptor is a presumable nonenzymatic scaffold protein that dictates mTORC1 substrate specificity, localization, and complex assembly and is essential for the kinase activity of mTORC1 in response to energy level and mitochondrial uncoupling (34) . When Raptor is complexed within mTORC1, it can be recognized and directly phosphorylated on Ser-722 and Ser-792 by AMPK (35) . Phosphorylation of Raptor by AMPK redistributes its association to 14-3-3, an event correlative with the suppression of mTORC1 activity (35) . HCT116 lysates probed with an anti-phospho-Ser-792 Raptor antibody demonstrated a significant increase in phospho-protein levels following with elevated MTD concentrations ( Fig. 3B ). In correlation with Gwinn et al., our data suggest that upon AMPK-mediated Raptor phosphorylation, mTORC1 is inactivated, likely reflecting energy stress imparted by MTD treatment (35) . mTORC1-mediated effects on protein synthesis and cell proliferation are facilitated through p70S6K, a major effector of cell proliferation and cell cycle progression (36, 37) . MTD-treated HCT116 lysates were probed with a phospho-specific antibody that recognizes phospho-Thr-389 -p70S6K, a direct substrate of mTORC1 (38) . Indeed, Thr-389 -p70S6K levels decreased in a dose-dependent manner (Fig. 3C ). These data agree with prior reports that the presence of Raptor in mTORC1 is essential for phosphorylation of p70S6K at Thr-389 (39) and that phosphorylation of Thr-389 most closely correlates with p70 kinase activity in vivo (40) . These observations raised the possibility that the observed anti-proliferative effects were because of induction of apoptosis. To test this idea, cell lysates from treated HCT116s were probed for pro-caspase 3 levels. Caspase 3, an executioner caspase, represents a terminal event in the intrinsic caspase 9 -mediated apoptotic pathway. However, we found no change in pro-caspase 3 levels upon MTD stimulation (supporting Fig. S5, A and B) , whereas gliotoxin, a potent inducer of apoptosis, shifted the levels of pro-caspase 3 (supporting Fig. S5, C and D) . These data suggest that apoptosis is not a means by which Mito-CP and Mito-Met 10 exert their anti-proliferative activity.
Activation of ULK1, an initiator of mitophagy
p70S6K is a moderator of protein synthesis which, and along with the autophagy-initiating kinase ULK1, has been used as a readout of autophagy induction (41) . The autophagy cascade is known to be sensitive to the energy status of the cell (42) . The energy sensor AMPK can activate ULK1 kinase by a coordinated cascade of events. In particular, AMPK has been indicated as a main upstream regulator of mTORC1-mediated autophagy suppression (43) . Thus, if mTORC1 is in an active 
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configuration, protein synthesis and cell proliferation are permitted, whereas autophagy is abrogated (44) . Toward this end, mTORC1 directly phosphorylates ULK1 at Ser-757, thereby halting autophagy (44) . However, activated AMPK can directly bind to and phosphorylate ULK1 at Ser-317, modifying ULK1 in such a manner by which the protein is constrained from contacting mTORC1, resulting in increased autophagy (44) . To examine the phospho-ULK1 profile within treated HCT116 cells, total cell lysates were examined (Fig. 4, A and B) . Comparing levels of p-Ser-757-ULK1 ( Fig. 4A) to p-Ser-317-ULK1 ( Fig. 4B ) revealed a decrease in the autophagy inactivating form with a concomitant increase in the autophagy activating form of ULK1. The mechanism of action is independent of the KRAS allele in that stimulation of WT KRAS HT-29 cells demonstrated a similar decline in p-Ser-757-ULK1 levels (supporting Fig. S6, A and B) . Collectively, these data begin to describe a molecular mechanism in which the low energy conditions evoked by MTDs trigger an AMPK-ULK1 signaling cascade that abrogates continued cancer cell proliferation, possibly through inducing mitophagy.
Mitochondrial structure and membrane potential (⌬ m ) are compromised in MTD-treated cells
To more thoroughly establish mitophagy as a mechanism for the anti-proliferative effects, we used transmission EM (TEM) to investigate the morphology of treated cells. HCT116 cells were harvested and processed for TEM 6 h post MTD addition. As presented in Fig. 5 , we found a pronounced increase in vacuolization (E and H, arrowheads), ruptured mitochondria (F and I, black asterisk(s)), and even the appearance of double membranes associated with mitophagy (F and I, arrows) and autophagy (C, F, and I, white circles) following MTD treatment. Fig. 5C illustrates an autophagic vesicle observed in control cells; the pronounced structural changes seen in MTD-treated cells were largely absent in cancer cells treated with vehicle alone.
The TEM data strongly suggest that Mito-CP-or Mito-Met 10 treatment damaged the mitochondria. To functionally quantitate the damage to the mitochondria, treated cells were stained with the membrane permeable, positively charged, TMRE (tetramethylrhodamine ethyl ester) red-orange dye. TMRE accumulates within mitochondria inversely proportional to the ⌬ m , with accumulation in metabolically active mitochondria, whereas depolarized, injured, or degraded mitochondria fail to sequester TMRE (45) . As shown in Fig. 6 , Mito-CP and Mito-Met 10 potently and dose dependently disrupted mitochondrial membrane potential measured using flow cytometry or immunofluorescence. Mito-CP, at the 1 M dose that blocked proliferation, reduced membrane potential greater than 75% in HCT116 ( Fig. 6A ) and HT-29 (Fig. 6C ). As predicted, HCT116 (Fig. 6D ) or HT-29 ( Fig. 6F ) cells treated with titrated doses of Mito-Met 10 required higher levels to disrupt the mitochondrial membrane potential. Representative confocal microscopy images of Mito-CP ( Fig. 6B) or Mito-Met 10 (Fig. 6E ) TMRE-labeled cells affirmed the loss of mitochondrial membrane potential. Together with the reduction in p-ULK and the structural mitochondrial abnormalities noted in MTD-treated cells, these data support the idea that Mito-CP, and to a lesser extent Mito-Met 10 , stimulate mitophagy, contributing to the proliferation inhibitory effects of these compounds in WT and oncogenic KRAS colon cancer cells.
Mito-CP and Mito-Met 10 stimulate AMPK signaling to halt cancer cell proliferation
Pharmacological disruptions were used to explore the contributions of the AMPK signaling pathway in the MTD-mediated disruption of colon cancer cell proliferation. Compound C is a cell-permeable inhibitor of AMPK. Pretreatment of HCT116 cells prior to MTD treatment minimized the antiproliferative effects of the MTDs (Fig. 7, A and B) . Compound C pretreatment did not fully restore HCT116's proliferative capacity, suggesting the involvement of additional pathways. These data are the first to ascribe a role for cancer-selective mitochondria-targeted cations in the activation of AMPK-mediated signaling as an exquisite mechanism to arrest proliferation of KRAS WT and oncogenic cancer cells (Fig. 8 ).
Discussion
Although increased screening for colorectal cancer has decreased the overall rate of incidence, current standard-of- 
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care chemotherapies are restricted to tumors that express WT KRAS protein. With nearly half of all diagnosed colorectal cancers possessing oncogenic KRAS, there presents a significant need for new frontline biologic therapies with increased efficacy, reduced toxicity, and directed tumor specificity. In particular chemotherapies that target KRAS mutations or the functional consequences of that oncogenic mutation that account for lethal chemo-resistant forms of colon cancer are needed. The role of mitochondrial dynamics in cancer progression is increasingly appreciated for its multifaceted roles enhancing tumor cell proliferation, migration, and microenvironmental remodeling (46 -48) . We demonstrate here that disruption of complex I and mitochondrial bioenergetics potently arrested the proliferation capacity of colon cancer epithelial cells. HCT116 cells express oncogenic KRAS overactive mutations and are an aggressive cancer cell line that forms undifferentiated tumors, whereas the HT-29 cell line retains WT KRAS protein and presents with an intermediate differentiation profile (49) . Although all colon cancer cell lines tested, irrespective of their KRAS allele, were sensitive to complex I-directed interventions, the anti-proliferative effect of our mitochondria-targeted compounds was selective for transformed cancers and had limited effects on normal epithelial cells (data not shown). As shown herein, independent of their KRAS genotype, colon cancer cells phenotypically respond to mitochondrial targeted drugs via AMPK activation/mTORC1 suppression signaling pathway. Our results demonstrate that the anti-neoplastic effects are two-pronged, with detrimental impacts on bioenergetics that restrict the ability of the tumor cell to cope with energetic stress, resulting in a cascade of interconnected AMPK signaling pathways that culminates in anti-tumor mitophagy.
Although KRAS mutations occur in several different types of cancer, they appear with increasing frequency in colorectal cancer, pancreatic cancer, and non-small cell lung cancer. One of the established outcomes of oncogenic KRAS is the reprogramming of cell metabolism (50) . In nontransformed cells, WT KRAS is rapidly inactivated by guanine-exchange factor proteins into its GDP-bound form, whereas in cancer cells, KRAS remains predominantly GTP-bound, thereby functioning as a constitutively active protein. Metabolically, KRAS mutations decrease mitochondrial OXPHOS while increasing glycolysis. Oncogenic KRAS promotes glucose uptake through enhanced 
expression of GLUT1 that accelerates glycolytic activity (51) . The KRAS oncogene also channels glucose in the pentose phosphate pathway. Signaling by GTP-bound KRAS results in the perpetual signaling of PI3K/AKT/mTOR, which functions to exacerbate cancer cell proliferation. Mito-CP and Mito-Met 10 were effective in abrogating colon cancer energy production. The effect was largely restricted to mitochondrial, relative to aerobic, glycolytic metabolism. Following the mTORC2-mediated modification of phospho-Ser-473 AKT as a surrogate readout for mTORC2 involvement, we found little effect of Mito-CP or Mito-Met 10 on AKT signaling, suggesting that although mTORC2 has been proposed to be in the center of cancer cell metabolic reprogramming (52) , these MTD had limited impact on mTORC2 signaling. However, both compounds, with Mito-CP more effective than Mito-Met 10 , resulted in Raptor phosphorylation, correlative with repression of mTORC1 activity in accordance with previous studies (35) . Further, decreased phosphorylation of the protein synthesis regulator p70S6K was consistent with the decrease in observed proliferation in treated colon cancer cells. The discrepancy in Raptor phosphorylation between Mito-CP and Mito-Met 10 likely reflects that each compound activates divergent, and still as yet unknown, signaling mechanisms. This may also be reflected in the MTD's differing abilities to inhibit complex I activity.
Lipophilic cations known to inhibit tumor cell proliferation, including the conjugation of the lipophilic cationic TPP ϩ moiety to an antioxidant molecule and Metformin, are thought to act through selective accumulation into mitochondria and inhibition of mitochondrial respiration (8, 20, 53) . The mitochondrial membrane potential of tumor cells is greater than nontransformed normal epithelial cells (54) and likely accounts for the observed cell selectivity. We and others have previously shown that Mito-CP has anti-proliferative effects in lung cancer, breast cancer, hepatic cell carcinoma, medullary thyroid cancer, mesothelioma, and pancreatic cancer (5, 7, 8, 55, 56) . Further, a redox-inactive analog of Mito-CP, Mito-CP-Ac, similarly inhibited tumor cell proliferation via a mechanism independent of superoxide dismutation in mitochondria (7) . The molecular and signaling mechanism(s) responsible for the enhanced anti-proliferative effects of mitochondria-targeted lipophilic compounds such as Mito-CP or Mito-Met 10 has shown that these compounds trigger the major energy sensor kinase AMPK pathway. We have previously shown that pancreatic cancer cells respond to Mito-CP, administered in conjunction with the glycolytic inhibitor 2-DG, by transiently increasing active AMPK levels. Moreover, increased AMPK signaling led to a decrease in FOXM1 (Forkhead box protein M1) protein levels (7) . That Mito-CP abrogated FOXM1 levels is wholly consistent with this cell cycle regulator participating in decreased cell proliferation in response to mitochondria-targeted drug treatment. Similarly, we observed that Mito-Met 10 treatment of pancreatic cancer cells led to proliferation arrest via a complex I-mediated stimulation of AMPK activation and block in cell cycle progression (6) . This decrease in cell proliferation was accompanied by a comparable decrease in FOXM1 transcription factor levels. Together, these data suggest that AMPK dampening of the cell cycle regulator FOXM1 is a key mechanism for the decreased cell proliferation. However, the blockade in cell cycle progression was not complete, suggesting additional mechanisms were participating in the anti-cancer cell proliferation effects of these mitochondria-targeted agents.
AMPK is one of two key signaling complexes, the other being the central cell-proliferation regulator mTORC1, that are tightly executed to regulate autophagy. Ultimately, these signaling pathways converge on regulating the phosphorylation status of ULK1, the central autophagy-initiating kinase. In normal, nontransformed cells, nutrient signals are often the major autophagy trigger. When nutrients are abundant, mTORC1 is intact and catalytically available to down-regulate autophagy 
via the phosphorylation of ULK1 at Ser-757, disrupting the ULK1/AMPK interaction (44) . Under glucose starvation, activated AMPK directly phosphorylates Raptor at Ser-792. This posttranslational modification redirects Raptor by generating a binding site for the 14-3-3 complex, thus putative suppression of mTORC1 activity (35) . Restructuring of mTORC1 by active AMPK leaves the ULK1 protein available for the autophagyactivating phosphorylation at Ser-317 by AMPK (44) . In this report, we demonstrate that during normal nutrient conditions, perturbations in colon cancer metabolic bioenergetics activated an AMPK-mediated signaling cascade impeding cell proliferation. Blocking AMPK with the inhibitor compound C reversed the inhibition of cell proliferation induced by either Mito-CP or Mito-Met 10 . To uncover the mechanisms for the observed anti-proliferative effects in colon cancer we used an iterative approach to reveal that Mito-CP and Mito-Met 10 directly activated ULK1 to stimulate an anti-tumor mitophagy program. Interestingly, we found that Mito-CP was a stronger activator of AMPK, Raptor, and ULK1 relative to Mito-Metformin. In contrast to these data from transformed pancreatic cancer cells, Mito-CP promoted cell survival through the activation of AMPK and autophagy (57) in normal nontransformed mouse embryonic fibroblasts, suggesting a role for autophagy in maintenance of healthy cells. This discrepancy suggests that these molecules have discrete binding partners or activate still as yet unknown signaling pathways to halt tumor progression.
Although the role of autophagy is dynamic and dependent on the cellular context, it should be noted that varying types of cancer will respond differently to the effects of the TPP ϩ conjugated compounds because of the fluctuation in the regulation and number of mitochondria (58) . The role for autophagy in cancer progression or suppression, particularly in KRAS-dependent cancers, remains unclear, with reports ascribing antitumor or pro-tumor survival. Autophagy is an evolutionarily conserved catabolic process characterized by cellular auto-digestion in the recycling of the cellular building blocks and the removal of dysfunctional or damaged organelles (59, 60) . This recycling of resources ensures continued homeostatic balance and conserves energy in times of stress. Mitophagy, the sequestration and degradation of damaged mitochondria via autophagy (61) , fulfills a vital function in normal nontransformed cells through the reduction in levels of reactive oxygen species (ROS) maintaining genomic stability thus limiting carcinogenesis (62) . In this capacity, autophagy is believed to be largely tumor-suppressive. However, current dogma posits dual, conflicting roles for autophagy in cancer progression, with reports supporting anti-tumor as well as pro-tumor effects (63) . This dichotomy is contextually and temporally dependent. In advanced stages of cancer, activation of the autophagic program facilitates proliferation under metabolic strain (ischemic or hypoxic conditions) (64, 65) . In a prior report, a ubiquinone conjugated to TPP ϩ induced an autophagic-mediated proliferation arrest of metastatic breast cancer cells (66) . With this report, we have determined that Mito-CP and Mito-Met 10 , potently halt colorectal cancer cell proliferation through the activation of an AMPK-repressive mTORC1-mitophagy signaling module. Although basal levels of autophagy in the colon cancer cells remained low in nutrient-rich normoxic condi-tions, we were able to induce a mitophagy/autophagy response with Mito-CP and Mito-Met 10 . However, following disruption of mitochondrial function, MTDs induced autophagy with a concomitant arrest in cell proliferation. Overall, our results are in concordance with other studies in which autophagy displays anti-oncogenic properties by suppressing transformed colon cancer cell proliferation (67) (68) (69) . Our data reveal that selective disruption of the function of cancer cell mitochondria may be an effective and transitional therapeutic. The penetrance of the undruggable oncogenic KRAS allele is a serious and growing clinical issue with the imminent need for therapeutic agents whose mechanisms of action are not biased by the KRAS signaling pathway. The work here provides a framework upon which continued generation and characterization of mitochondria-targeted compounds will aid in the quest for better and safer chemotherapeutics. The potential activation of an anti-tumor mitophagy by Mito-CP and Mito-Met, or even Metformin, suggests new avenues for chemotherapeutic intervention.
Experimental procedures
Cell culture HCT116 (CCL-247), T84 (CCL-248), HT-29 (HTB-38), and C2BBe1 (Caco2; CRL-2102) human colorectal carcinoma cells were purchased from ATCC (Manassas, VA) and maintained as described previously (70) . SW480 and HK2-8 carcinoma cells (a generous gift from Dr. Guan Chen, Medical College of Wisconsin) were maintained as described (71) . HCT116, T84, and SW480 cells express an overactive mutant KRAS protein, and HT-29, Caco2, and HK2-8 cells express WT KRAS. Normal nontransformed IEC-6 cells, isolated from rat small intestine tissue fragments and that retain a normal karyotype, were obtained from the ATCC (CRL-1592) and cultured as described previously (72, 73) .
Reagents
Mito-CP and Mito-Met 10 were synthesized as described previously (6, 19) . 3-Carboxy-PROXYL, Metformin, and compound C were from purchased from Sigma-Aldrich. Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) was obtained from Agilent Technologies (Santa Clara, CA). Tetramethylrhodamine ethyl ester (TMRE) was purchased from Thermo Fisher Scientific. Gliotoxin was purchased from Merck KGaA (Darmstadt, Germany).
Cell proliferation
Cells (2 ϫ 10 3 ) were plated into a 96-well plate and allowed to settle overnight. Cells were left untreated, or incubated in the presence of compound C (0.3 M) for 48 h, after which time, increasing concentrations of Mito-Met 10 and Mito-CP were added. Cells were placed into either an IncuCyte ZOOM or IncuCyte S3 Live-Cell Imaging System (Essen Bioscience, Ann Arbor, MI). Live cell images were acquired via the IncuCyte Analyzer at 2-to 3-h intervals over 5-7 days to provide realtime cellular confluence data based on segmentation of highdefinition phase-contrast images. The IncuCyte S3 analysis software package allows for the post-acquisition assessment of
Mitochondria-targeted drugs impede colon cancer proliferation
phase object confluence (%) for all/any select images acquired during the time course of the dose experiments. The cell proliferation is expressed as an increase in percentage of confluence (6, 74) .
Changes in mitochondrial bioenergetics and complex I inhibition
HCT116 cells (2 ϫ 10 4 ) were plated into Seahorse XF96 well plates (Agilent Technologies, Santa Clara, CA), allowed to adhere for 4 h, and treated with a Mito-Met 10 or Mito-CP dose curve. Measurement of the mitochondrial respiratory complex I in permeabilized cells was performed according to the manufacturer's directions and as described previously (74 -76) . Briefly, after a 24-h incubation with drugs, intact cells were permeabilized with 1 nM plasma membrane permeabilizer (Agilent Technologies) immediately before the OCR measurement was taken on a Seahorse Bioscience XF96 Extracellular Flux Analyzer. OCR was measured as a readout of mitochondrial function and was assessed by injecting oligomycin (1 g/ml) to inhibit ATP synthase, FCCP (50 M) to uncouple the mitochondria, and rotenone (1 M) and antimycin A (10 M) as inhibitors of complex I and complex III, respectively. The oxygen consumption derived from mitochondrial complex I or complex II activity was measured before and after addition of different substrates to mitochondria, e.g. pyruvate/malate for complex I and succinate for complex II activity. Rotenone, malonate, and antimycin A were used as specific inhibitors of mitochondrial complex I, II, and III activities, respectively.
Total ATP measurements
HCT116 cells (2 ϫ 10 4 ) were plated into a 96-well plate and treated with increasing concentrations of Mito-CP or Mito-Met 10 for 24 h. Intracellular ATP levels were determined in cell lysates using a luciferase-based assay per manufacturer's directions (Sigma Aldrich) as described previously (6) .
Quantification of intracellular accumulation of MTDs by LC-MS/MS
Cells (1 ϫ 10 6 ) were incubated with Mito-CP or Mito-Met 10 for 24 h. Extraction of Mito-CP or Mito-Met 10 was described previously, but without butylated hydroxytoluene (6) . LC-MS/ MS analyses were performed using a Kinetex Phenyl-Hexyl column (50 mm ϫ 2.1 mm, 1.7 m, Phenomenex) equilibrated with water:acetonitrile mixture (4:1) containing 0.1% formic acid. Compounds were eluted by increasing the content of acetonitrile from 20 to 100% over 4 min and detected using the MRM mode.
Protein harvesting and immunoblot analysis
Cells (1.25 ϫ 10 6 ) were treated for 18 h with Mito-Met 10 or Mito-CP and lysed in a modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% v/v sodium deoxycholate, 1% v/v Nonidet P-40, 0.1% v/v SDS, 1 mM EDTA, 10 mM sodium orthovanadate, 40 mM ␤-glycerol phosphate, 20 mM sodium fluoride). Lysates were quantified, normalized for protein concentration, and 10 g protein per lane size separated using reducing SDS-PAGE. Proteins were electrotransferred to PVDF membranes (Millipore) and probed using primary and horseradish peroxidase-conjugated secondary antibodies. Primary antibodies purchased from Cell Signaling Technology (Danvers, MA) include phospho-Thr-172 AMPK (40H9), total AMPK (D5A2), phospho-Ser-792 Raptor (2083), total Raptor (24C12), phospho-AKT (Ser-473), total AKT, phospho-Thr-389 p70S6K (108D2), total p70S6K, phospho-Ser-757 ULK1 (D706U), phospho-Ser-317 ULK1, total ULK1 (D8H5), caspase 3, and GAPDH were used at the manufacturer's recommended dilutions. Beta-tubulin (E7) anti-sera was obtained from Developmental Studies Hybridoma Bank (University of Iowa). Proteins were visualized by chemiluminescence and quantified by densitometric analysis using the FluorChem HD2 from Cell Biosciences (Santa Clara, CA). For AMPK, cells were starved of glucose, glutamine, and serum for 6 h prior to a 30-min stimulation with titrated doses of Mito-Met 10 or Mito-CP.
TMRE staining to assess mitochondrial integrity
Flow cytometry analysis-Cells (5 ϫ 10 5 ) were treated with FCCP (20 M) for 15 min or increasing concentrations of Mito-Met 10 or Mito-CP for 24 h. TMRE (200 nM) was added for 30 min prior to harvesting for analysis on a BD-LSR II flow cytometer (BD Biosciences); data were analyzed using FlowJo (FlowJo, LLC, Ashland, OR).
Live cell confocal imaging-Cells (1 ϫ 10 5 ) were plated on 35 mm No. 1.5 cover glass (0.16 -0.19 mm) dishes and treated with FCCP (20 M) for 15 min or increasing concentrations of Mito-Met 10 or Mito-CP for 24 h. TMRE (100 nM) was added for 30 min, washed, and quenched by incubation of HEPES containing media prior to visualization. Live-cell images were acquired with a Spinning Disc Confocal system configured with an IX83 inverted microscope (Olympus America, Center Valley, PA) equipped with an electron-multiplying charge-coupled device camera (Hamamatsu Corporation, Bridgewater, NJ) and a silicone oil immersion 60ϫ/1.6 numerical aperture (Olympus) objective lens driven by MetaMorph software.
Transmission electron microscopy
1 ϫ 10 6 HCT116 cells were treated with vehicle (DMSO), Mito-Met 10 (50 M), or Mito-CP (1 M) for 6 h. Cells were washed, fixed in situ with 4% paraformaldehyde ϩ 2% glutaraldehyde in 0.1 M sodium cacodylate buffer for 10 min at room temp. Cells were gently scraped from the culture dishes, pelleted, washed with 3 ϫ 10 min rinses in 0.1 M cacodylate buffer and postfixed in potassium ferricyanide reduced 1% osmium tetroxide for 2 h on ice. Cell pellets were processed into epoxy resin (EMBed 812). 60 nm sections were stained with uranyl acetate and lead citrate and imaged on a Hitachi H600 TEM.
Statistical analysis
All statistical analyses were performed using GraphPad Prism 7.0 (La Jolla, CA). Paired analyses were calculated using a Student's t test and a Dunnett post hoc analysis to identify pairwise differences between experimental and control groups. Multiple comparisons between groups were analyzed using a one-way or two-way repeated measures analysis of variance (ANOVA). Values provided represent mean Ϯ S.E. Statistical significance was defined as p Յ 0.05 and denoted with the appropriate asterisks in the figure legends.
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